Highly nonlinear (high-NA small-mode-area) optical fibers also possessing intrinsically high stimulated Brillouin scattering (SBS) threshold are described. More specifically, silica clad, yttrium-aluminosilicate core fibers are shown to exhibit an intrinsically low Brillouin gain coefficient between 0.125 and 0.139 × 10 -11 m/W, and a Brillouin gain linewidth of up to 500 MHz. Losses on the order of 0.7 dB/m were measured, resulting from impurities in the precursor materials. Nonlinear refractive index values are determined to be similar to that of silica, but significant measurement uncertainty is attributed to the need to estimate dispersion curves since their direct measurement could not be made. The interest for highly nonlinear optical fibers with a low intrinsic Brillouin gain coefficient is expected to continue, especially with the growing developments of narrow-linewidth high energy laser systems.
Nonlinear optical fibers are useful for a wide range of modern photonic devices including Raman [1] and parametric [2] amplifiers as well as supercontinuum sources [3] . However, the signal spectrum required to induce such nonlinearities often leads to stimulated Brillouin scattering (SBS), which limits scaling to higher power levels. Popular approaches to suppress SBS include phase modulation of the signal [4] , the application of strain along the fiber [5] , and segmentation of the fiber [6] . These active means of SBS suppression notwithstanding, a practical passive approach is most desirable. An example of this latter case are acoustic antiguiding designs [7, 8] , which employ alumina (Al2O3) as a dopant into the core. Alumina is known to raise the acoustic velocity when added to pure silica (SiO2) [9] and, thus, the acoustic wave can be compositionally engineered to have large waveguide attenuation due to modes that radiate away from the (acoustic) anti-waveguiding core [10] .
Such a passive materials-approach to SBS mitigation has proven more effective than that of aforementioned active methods [10] . The basic concept is that the Brillouin gain coefficient, (BGC), is proportional to the square of the Pockels photoelastic coefficient, p12. Accordingly, the addition of a material to silica (p12 > 0) that possesses a negative p12 value, such as BaO, SrO, MgO, and Al2O3, can yield substantial reductions in the effective p12 value. This includes the not-yet-realized potential for p12 = 0 where Brillouin scattering would be entirely negated [11] . Accordingly, the beauty of Al2O3 as a dopant into silica is that the aluminosilicate glass exhibits both a reduced p12 value and a large material acoustic attenuation coefficient, hence acoustic anti-wave-guidance.
Unfortunately, the alumina concentration required to significantly impact p12 is not tenable using conventional fiber fabrication methods [12] . Accordingly, the molten core approach has been utilized to achieve fibers possessing up to 50 mole% Al2O3 [11] . Additionally, acoustic anti-guidance is only relevant when the waveguide attenuation term is comparable to the material damping coefficient [10] , the former being a strong function of the core diameter and its acoustic velocity relative to the silica cladding [13] . As such, to better control the acoustic velocity increase due to the alumina, a velocity-reducing additive must also be incorporated. As discussed in detail below, this is achieved by a novel multilayered molten core fabrication process wherein an inner YAG rod is surrounded by a sapphire sleeve. Through careful selection of the relative sizes of these single crystal elements, the relative concentration of Al2O3 (from the Al2O3 sleeve and from the YAG precursor) and Y2O3 (from the YAG precursor) in the melt, and therefore the acoustic velocity and refractive index of the subsequent all-glass core, can be tailored. It is shown that highly nonlinear fibers can be realized with Brillouin spectra broader than those obtained by straining optical fiber [2] , with one fiber exhibiting a spectrum spread across roughly 500 MHz. Optical fibers were produced using the molten core method of fiber fabrication [12] . Specifically, a 1 mm outer diameter Yb:YAG rod (Roditi International, London) was sleeved inside of a 1.1 mm inner diameter / 1.5 mm outer diameter sapphire (Al2O3) sleeve (Saint-Gobain). For completeness, it is noted that the ytterbium doping plays no specific role in this particular Letter. Its use is for subsequent investigations of active low-SBS fibers. This precursor core then was inserted into a telecommunications-grade silica capillary preform (3 mm inner diameter / 30 mm outer diameter) that served as the cladding for the fiber, which was drawn at 2000˚C. The primary purpose of the alumina sleeve was to investigate whether or not an intermediate cladding would lessen the incorporation of silica from the cladding into the core, as is typical of molten core derived oxide glass fibers. A secondary purpose for the sleeve was to increase the Al2O3 content in the core, since alumina is known to reduce the BGC [11] . Due to the high cooling rates of the fiber draw process, the molten core is quenched to a glassy state as the fiber cools. Fibers were drawn to a total diameter of 125 µm and a conventional acrylate coating was applied yielding a total fiber diameter of about 250 µm.
Cross-sectional compositional analysis was conducted using Energy Dispersive x-ray (EDX) spectroscopy on a Hitachi SU-6600 scanning electron microscope (SEM) at a beam acceleration voltage of 15kV.
Refractive index profiles (RIPs) were measured transversely through the side of the fibers using a spatially resolved Fourier transform interferometer [14] . Attenuation was measured at a wavelength of 1550 nm using the standard cutback method. Brillouin gain coefficients (BGC) were determined by collecting the spontaneous Brillouin signal while pumping roughly 2 meters of fiber at a wavelength of 1534 nm using a narrow linewidth seed source. The BGC was estimated for each fiber by comparing the strength of the spontaneous scattering with a fiber of known BGC. A previously reported sapphire-derived fiber [11] was used to determine the Sellmeier coefficients for the alumina (Al2O3) component by using accepted additive models [12] . Estimated total dispersion curves were formulated using the RIP and the Sellmeier coefficients determined from the additive model. The nonlinear refractive index (n2) of the two fibers was estimated using self-phase modulation (SPM) whereby a temporally short pulse with up to 1 kW of peak power at 1542 nm was launched into one end of 5-meter fiber segments. The output spectrum then was modeled using the standard nonlinear Schrödinger Equation and fit to the measured SPM spectra by adjusting the nonlinear coefficient. The estimate of n2 allows for the determination of the Brillouin Figure of Merit (BFOM), defined as BFOM =γLeffPth [15] where γ is the nonlinear coefficient (γ= 2πn2/λAeff with λ being the optical wavelength), Leff is the effective length (taking attenuation into consideration), and Pth is the SBS threshold power. If Pth is defined as in [16] , then LeffPth = 21Aeff/gB and a simplified form is obtained: BFOM = 42πn2/λgB. The LeffPth prefactor value of 21 is known to vary depending on the shape of the Brillouin gain spectrum, but offers a reasonable approximation in the present case. Figure 1 provides (a) a representative scanning electron microscope image of Fiber 2 magnified 700x and (b) magnified 6000x. Figure 2 provides the refractive index profiles (RIP) for the two fibers fabricated. Table 1 complements this by providing a summary of their physical properties. The effective area of the fibers is presented, though identifying the core diameter is somewhat subjective given the compositional gradient from the core center to the silica cladding. Accordingly, defining the core edge is limited by the resolution of the SEM compositional detection. Molar compositions (%) for the two fibers taken at the core center are presented in Table 1 . The two fibers were drawn from the same preform. The beginning part of the draw had a shorter time at high temperature, resulting in larger core with less dissolution of the core composition by cladding SiO2 (Fiber 1). A longer equilibration time, i.e., towards the end of the draw, resulted in a fiber with concomitantly less Al2O3 and Y2O3 (Fiber 2). Given the influence of Al2O3 [11] and YAG [12] precursors on the refractive index of silica, and considering the measured Δn values, the concentration of SiO2 would have been expected to be much lower in the fibers. Using data found in [12] , along with the concentrations in Table 1 , Δn for Fiber 2, for example, is calculated to be 29.8 ⨯ 10 -3 ; much lower than the measured value. This is attributed to the collection radius of the electron beam being larger than the core radius, so while analyzing the core center, the instrument detects and counts the surrounding silica. Also provided in Table 1 are the attenuation coefficients. Although they are relatively high, it is believed that the loss originates from the industrial-grade precursors, which are not optimized for purity. This is further evidenced since Fiber 2, consisting of a higher concentration of high-purity silica (lower ∆n) resulting from the telecommunications-grade preform, yielded a lower attenuation. The Brillouin gain spectra for the two fibers are provided in Figure 3 . The peak near 11 GHz and the smaller peak near 11.1 GHz are characteristic signatures of the measurement apparatus. Their amplitudes do not represent a true value for a gain coefficient of any fiber in the system. The Brillouin gain spectrum for Fiber 1 has a spectral width of about 200 MHz while that for Fiber 2 spans roughly 500 MHz. A significant amount of this broadening is related to increased acoustic attenuation brought on by acoustic wave anti-guidance resulting from the very small core diameter that has an acoustic velocity larger than the surrounding cladding. The sharp peak near the low-frequency end of the Fiber 2 spectrum is associated with Brillouin scattering in the cladding, which ultimately defines the SBS threshold for this fiber. Fiber 2 has a lower BGC due to the fundamental optical mode being more tightly confined. It is worthy to reiterate that it is precisely the small core diameter that has introduced the large-scale waveguide attenuation to the acoustic wave in the present case. This is in contrast to fibers with larger core diameters, but fabricated from similar materials, wherein the Brillouin gain coefficient is dominated primarily by material properties [17, 18] , including material damping and low photoelastic constant.
The Sellmeier coefficients for the alumina component of the core glass composition are presented in Table 2 . Direct measurements of the dispersion coefficients were unsuccessful due to the relatively high attenuation in the fiber. Accordingly, the optical dispersion was estimated from the RIPs and the deduced Sellmeier coefficients. This is shown in Figure 4 . Fiber 1 portrays a normal dispersion until approximately a wavelength of about 1.4 µm after which it exhibits anomalous dispersion. Fiber 2 exhibits all-normal dispersion in the range of the calculation with a zero-dispersion point calculated to be approximately 2.0 µm. Fig. 3 . Brillouin gain spectrum for Fiber 1 and Fiber 2.
As an example, Figure 5 provides the measured and calculated SPM spectrum for Fiber 2 at a pulse power of 850 W. The n2 values deduced are somewhat lower than expected for aluminosilicate glasses [19] . 11645.0
At 20 mole percent of Al2O3, n2 is expected to be about 25% larger than the pure silica value [20] . The previously estimated dispersion curves are the primary source for uncertainty for the n2 values since the dispersion curves were estimated considering only the alumina contribution. That said, the 5m length of fiber employed in the SPM experiment, which is either close to or shorter than the predicted dispersion length. Accordingly, the unknown dispersion should not result in too large of an error. The BFOM determined from the estimated n2 values was 1.23 (Fiber 1) and 1.22 (Fiber 2). Due to the very low intrinsic BGC, which was 13 dB lower than standard telecommunication optical fiber, both fibers have similar BFOM values that are comparable to those realized for both Ge-and Al-doped fibers with 1 kg of axiallygradient applied strain [2] . It is believed that n2 values deduced from an experimentally obtained dispersion curve will be even higher than the estimated values presented, increasing the BFOM further. Fig. 5 . Self-phase modulation spectrum, which was used to estimate the value of n2 for Fiber 2 at a pulse power of 850 W.
In conclusion, a multilayer precursor core comprising of a Yb:YAG crystal rod inside of a sapphire sleeve and drawn into a small core diameter high-NA silica-clad optical fiber, exhibited exceptionally low intrinsic Brillouin gain coefficient of 0.125 x10 -11 m/W (Fiber 1) and 0.139 x10 -11 m/W (Fiber 2). These values are, respectively, 13 dB and 12.5 dB, lower than conventional optical fiber. Stimulated Brillouin scattering (SBS) is cladding-limited in Fiber 2, but it is believed further reductions in BGC are possible. Tradeoffs exist between the core diameter, NA, strength of n2 nonlinearity, and the Brillouin gain coefficient that still need to be optimized. The measured n2 is lower than expected and approximately that for pure silica. Further, the effects of the yttria (Y2O3) and ytterbia (Yb2O3) components on the n2 of the fiber still need to be considered. Moreover, the low-silica content, and the resulting enhanced coefficient of thermal expansion relative to the pure silica cladding, may play a role in fiber performance through the introduction of stresses during fiber draw, warranting further investigation. Direct measurements of the dispersion coefficient remain unsuccessful due to the attenuation in the fiber. Reducing the attenuation in these fibers should allow for more accurate measurements of the BGC as well as the dispersion coefficient which ultimately leads to a more accurate n2. Introducing precursor components optimized for purity may reduce present losses, potentially allowing for more accurate measurements to be conducted.
